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Abstract

In the yeast genera Saccharomycopsis and Ascoidea, which comprise the taxonomic order Ascoideales, nuclear genes use a 
nonstandard genetic code in which CUG codons are translated as serine instead of leucine, due to a tRNA-Ser with the un-
usual anticodon CAG. However, some species in this clade also retain an ancestral tRNA-Leu gene with the same anticodon. 
One of these species, Ascoidea asiatica, has been shown to have a stochastic proteome in which proteins contain ∼50% Ser 
and 50% Leu at CUG codon sites, whereas previously examined Saccharomycopsis species translate CUG only as Ser. Here, 
we investigated the presence, conservation, and possible functionality of the tRNA-Leu(CAG) gene in the genus 
Saccharomycopsis. We sequenced the genomes of 23 strains that, together with previously available data, include almost 
every known species of this genus. We found that most Saccharomycopsis species have genes for both tRNA-Leu(CAG) 
and tRNA-Ser(CAG). However, tRNA-Leu(CAG) has been lost in Saccharomycopsis synnaedendra and Saccharomycopsis 
microspora, and its predicted cloverleaf structure is aberrant in all the other Saccharomycopsis species. We deleted the 
tRNA-Leu(CAG) gene of Saccharomycopsis capsularis and found that it is not essential. Proteomic analyses in vegetative 
and sporulating cultures of S. capsularis and Saccharomycopsis fermentans showed only translation of CUG as Ser. 
Despite its unusual structure, the tRNA-Leu(CAG) gene shows evidence of sequence conservation among 
Saccharomycopsis species, particularly in its acceptor stem and leucine identity elements, which suggests that it may have 
been retained in order to carry out an unknown nontranslational function.
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Significance
Yeasts in the genus Saccharomycopsis have changed the genetic code they use in their nuclear genes, so that CUG co-
dons are translated as serine instead of leucine. Surprisingly, their genomes contain genes for both a tRNA-Ser and a 
tRNA-Leu, corresponding to the new and old genetic codes, respectively, both with the same anticodon CAG. All protein 
translation in Saccharomycopsis uses the tRNA-Ser, so we investigated the role of the enigmatic tRNA-Leu gene. We 
found that even though it is present in most Saccharomycopsis species, it is nonessential and has structural abnormal-
ities. We suggest that it may have been retained for a function other than translation.

© The Author(s) 2024. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints 
and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information 
please contact journals.permissions@oup.com.

GBE

Genome Biol. Evol. 16(8) https://doi.org/10.1093/gbe/evae166 Advance Access publication 31 July 2024                                          1

https://orcid.org/0000-0002-3148-842X
https://orcid.org/0000-0002-7463-0676
https://orcid.org/0000-0002-2845-3090
https://orcid.org/0000-0003-4992-4979
mailto:kenneth.wolfe@ucd.ie
https://creativecommons.org/licenses/by-nc/4.0/


Introduction
The genetic code was initially thought to be an immutable 
frozen accident (Crick 1968; Osawa 1995), because re-
assignment of a codon’s meaning from one amino acid to 
another, or to a stop codon, would have a wide-ranging ef-
fect similar to mutating every gene in which the codon oc-
curs. Despite this, it is now well established that several 
codon reassignments have occurred during evolution 
(Keeling 2016), especially in mitochondrial genomes. 
Evolutionary reassignments of a codon from one amino 
acid to another (“sense-to-sense” reassignments) are 
much rarer than reassignments of stop codons to sense co-
dons. In bacteria, a recent extensive computational screen 
identified only six probable instances of sense-to-sense re-
assignment among 250,000 bacterial genomes examined, 
all of which involved reassignment of arginine codons 
(CGG, CGA, or AGG) to other amino acids (Met, Gln, or 
Trp) (Shulgina and Eddy 2021).

Across all eukaryotic nuclear genomes, only three in-
stances of sense-to-sense codon reassignment have been 
discovered. They all occurred in budding yeasts (subphylum 
Saccharomycotina), and they all involved reassignment 
of the codon CUG, which is translated as leucine in the 
standard genetic code. Each of the three yeast clades that 
changed its genetic code is now classified as a separate taxo-
nomic order, recognizing that genetic code change is a 
strong phylogenetic marker because it is a rare evolutionary 
event (Groenewald et al. 2023). Two yeast clades separately 
reassigned the codon CUG from Leu to Ser (Krassowski et al. 
2018). One clade, originally called the CUG-Ser or CUG-Ser1 
clade, is now called the order Serinales (Groenewald 
et al. 2023). It is a large clade that contains the families 
Debaryomycetaceae and Metschnikowiaceae, including 
the pathogen Candida albicans (Kawaguchi et al. 1989; 
Santos and Tuite 1995; Sugita and Nakase 1999). The 
second clade, called the CUG-Ser2 clade or order 
Ascoideales, is much smaller and includes only two genera: 
Ascoidea and Saccharomycopsis (Krassowski et al. 2018; 
Mühlhausen et al. 2018; Junker et al. 2019). A third yeast 
clade, containing Pachysolen and two other genera, reas-
signed the codon CUG from Leu to Ala and is called 
the CUG-Ala clade or order Alaninales (Mühlhausen 
et al. 2016; Riley et al. 2016; Krassowski et al. 2018; 
Mühlhausen et al. 2018; Groenewald et al. 2023). Each of 
these three genetic code reassignments was achieved by du-
plicating an ancestral tRNA-Ser or tRNA-Ala gene (a member 
of a multigene family), followed by mutation(s) that changed 
its anticodon to CAG, thereby allowing CUG codons 
to be translated by a tRNA charged with Ser or Ala. The 
Serinales and Ascoideales clades changed their genetic 
codes by duplication and anticodon mutation of two differ-
ent tRNA-Ser genes, one from the four-codon box and one 
from the two-codon box of serine codons (UCN and AGY 

codons, respectively) (Krassowski et al. 2018). Interestingly, 
serine and alanine aminoacyl synthetases (SerRS and 
AlaRS) are the only aminoacyl synthetases that do not use 
nucleotides in the anticodon to recognize a tRNA’s identity 
when charging it (Giegé et al. 1998; Giegé and Eriani 
2023), so Ser and Ala tRNAs can function with any anti-
codon sequence, whereas tRNAs for the other 18 amino 
acids cannot. For this reason, it is probably easier to reassign 
sense codons to Ser and Ala than to any other amino acids 
(Kollmar and Mühlhausen 2017a, 2017b).

Of the three yeast taxonomic orders with genetic code 
reassignments, the order Ascoideales is the only one in 
which species appear to contain competing tRNAs corre-
sponding to both the new genetic code (tRNA-Ser(CAG)) 
and the old genetic code (tRNA-Leu(CAG)) (Krassowski 
et al. 2018; Mühlhausen et al. 2018; Junker et al. 2019). 
In contrast, tRNA-Leu(CAG) has been lost in the Serinales 
and Alaninales. The presence of both types of tRNA gene 
in the same genome may indicate that the evolutionary pro-
cess of changing the genetic code is still in progress in the 
Ascoideales, whereas it has finished in the other two clades. 
However, the functional role of tRNA-Leu(CAG) in the 
Ascoideales is not very clear. One species, Ascoidea asiatica, 
has been discovered to have a stochastic proteome in which 
CUG codons in mRNAs are translated randomly as either 
Ser or Leu, so tRNA-Leu(CAG) and tRNA-Ser(CAG) are 
both functional in this species (Mühlhausen et al. 2018). 
In contrast, proteomic investigations of four Ascoideales 
species in the genus Saccharomycopsis (Saccharomycopsis 
malanga, Saccharomycopsis capsularis, Saccharomycopsis 
fibuligera, and Saccharomycopsis schoenii) indicated that 
they translate CUG only as Ser, which suggests that their 
tRNA-Leu(CAG) gene is nonfunctional or at least not used 
for translation (Krassowski et al. 2018; Mühlhausen et al. 
2018; Junker et al. 2019). The proteomic data for 
S. malanga contrast with another study that reported that 
both tRNA-Leu(CAG) and tRNA-Ser(CAG) are transcribed 
and aminoacylated in this species, although it was not spe-
cifically shown that the tRNA-Leu is aminoacylated with 
leucine (Shulgina and Eddy 2021).

In this study, our goal was to investigate the presence, 
conservation, and possible function of tRNA-Leu(CAG) 
genes in Saccharomycopsis species. We sequenced the 
genomes of strains spanning the whole genus, constructed 
a phylogenomic tree, and compared their synteny at the 
tRNA-Leu(CAG) and tRNA-Ser(CAG) gene loci. We deleted 
the tRNA-Leu(CAG) gene of S. capsularis and found that it 
is nonessential. We used proteomics to investigate the gen-
etic code used during sporulation in Saccharomycopsis, be-
cause we found bioinformatically that sporulation genes 
are enriched in sites where CUG codons coincide with 
conserved Leu residues, but we found that CUG is still 
translated only as Ser during sporulation. Our results 
show that although the tRNA-Leu(CAG) gene is retained 
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in most Saccharomycopsis species, the tRNA has structural 
defects, is not used by the ribosome, and is not essential. 
We suggest that it may have a nontranslational role.

Results

Phylogenomic Tree of the Genus Saccharomycopsis

We analyzed genome sequence data from 20 species (33 
strains) in the genera Saccharomycopsis and Ascoidea, com-
prising 23 strains that were newly sequenced for this study 
using Illumina short-read sequencing, and ten strains 
whose genome sequences were downloaded from the 
National Center for Biotechnology Information (NCBI) 
(supplementary table S1, Supplementary Material online). 
The data set includes almost all the known species in both 
genera. The average genome assembly size is 16.3 Mb, 
with a range from 12.2 to 22.3 Mb (supplementary table 
S1, Supplementary Material online). We did not include 
known hybrid strains with double-size genomes, such as 
S. fibuligera strain KJJ81 (Choo et al. 2016), in the analysis. 
To investigate the phylogenetic relationships among the 33 
strains, we identified a set of 1,227 single-copy orthologous 
protein groups by using OrthoFinder (Emms and Kelly 2019) 
and constructed a tree by maximum likelihood (see 
Materials and Methods). The tree (Fig. 1a) was rooted by 
assuming that Saccharomycopsis is monophyletic and 
Ascoidea is an outgroup to it. The OrthoFinder analysis, 
based on gene duplication events, also supported this pos-
ition for the root.

The tree confirms several clusters of Saccharomycopsis spe-
cies that were also apparent in a previous tree (Jacques et al. 
2014) based on sequencing a small number of loci (SSU rDNA, 
D1/D2 region of LSU rDNA, and TEF1). Both analyses have a large 
cluster consisting of S. schoenii, Saccharomycopsis oosterbee-
kiorum, Saccharomycopsis javanensis, Saccharomycopsis 
fermentans, and Saccharomycopsis babjevae and the 
monophyletic pairs Saccharomycopsis crataegensis +  
Saccharomycopsis amapae, Saccharomycopsis synnaeden-
dra + Saccharomycopsis microspora, and Saccharomycopsis 
guyanensis + Saccharomycopsis fodiens. However, the posi-
tions of these groups relative to each other are substantially 
different between our tree and that of Jacques et al. 
(2014). Although many of the internal branches in our phylo-
genomic tree are short (Fig. 1a), they have strong statistical 
support whereas many internal branches in the rDNA/TEF1 
tree had poor support (Jacques et al. 2014). Our phyloge-
nomic data set is much larger than the rDNA/TEF1 data set 
and is therefore expected to give a more reliable tree. It indi-
cates that the deepest-branching species in the genus is 
Saccharomycopsis selenospora. It also places the economical-
ly important species S. fibuligera (commonly found in rice 
wine starter cultures) as a sister clade to S. capsularis and S. ma-
langa. When compared to another recent phylogenomic tree 

constructed from a smaller number of Saccharomycopsis gen-
ome sequences (Yuan et al. 2021), our tree differs in the loca-
tion of the root and in the position of S. fodiens and the 
unnamed Saccharomycopsis species UWOPS 91-127.1 rela-
tive to the other clades, but again, it has much stronger stat-
istical support.

We detected one strain that appears to have been mis-
identified. CBS 7763, which was deposited in culture col-
lections as S. synnaedendra, is very closely related to the 
type strain of S. microspora (CBS 6393) and groups with 
it rather than with the type strain of S. synnaedendra 
(CBS 6161) (Fig. 1a), so CBS 7763, therefore, appears to 
be a strain of S. microspora. This misidentification was 
also detected independently by Quintilla et al. (2018) using 
MALDI-TOF mass spectrometry as a tool for species 
identification.

The tRNA-Leu(CAG) Gene Is Present in Most Ascoideales 
Species and Is at an Ancestral Location

We used tRNAscan-SE (Lowe and Eddy 1997) to annotate 
tRNA genes in each genome sequence, supported by 
BLASTN searches and manual annotation for tRNA genes 
with CAG anticodons. The total numbers of annotated 
tRNA genes in the nuclear genome vary extensively, from 
108 in Saccharomycopsis species UWOPS 91-127.1 to 
760 in Saccharomycopsis vini (supplementary table S2, 
Supplementary Material online).

We then examined the local gene order around the 
tRNA-Ser(CAG) and tRNA-Leu(CAG) gene loci (Fig. 1). All 
the species and strains examined contain at least one 
gene for tRNA-Ser(CAG), the novel tRNA that allows trans-
lation of CUG codons as Ser (Fig. 1a, right panel). Synteny 
of the nearby protein-coding genes is partially conserved, 
notably the genes CFT2 and APC2, which are neighbors 
of tRNA-Ser(CAG) in several Saccharomycopsis clades. 
There is a second tRNA-Ser(CAG) gene in four clades, but 
these genes are at different genomic locations that are 
not conserved so they appear to be the result of independ-
ent gene duplications (Fig. 1a, dashed box).

The gene for tRNA-Leu(CAG), the ancestral tRNA that can 
potentially translate CUG codons as Leu, is present in 17 of 
the 20 species so it is broadly conserved (Fig. 1b). It is missing 
in three species: in the species pair S. synnaedendra and 
S. microspora (Fig. 1b) and in Ascoidea rubescens as previous-
ly reported (Krassowski et al. 2018; Mühlhausen et al. 2018). 
Synteny of other genes around the tRNA-Leu(CAG) locus 
is reasonably well conserved, which indicates that the 
tRNA-Leu(CAG) genes are orthologs, except in the clade 
containing S. fermentans where rearrangements have 
occurred. Synteny of neighboring protein-coding genes is 
also conserved in the three species that have lost the 
tRNA-Leu(CAG) gene, and we did not find any pseudogene 
or relic of it. The protein-coding gene TRM1, which is beside 
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or close to tRNA-Leu(CAG) in most Saccharomycopsis species 
(Fig. 1b), is also located beside tRNA-Leu(CAG) in yeasts in the 
genera Wickerhamomyces and Cyberlindnera (Krassowski 

et al. 2018). Wickerhamomyces and Cyberlindnera are in 
the order Phaffomycetales (Groenewald et al. 2023) and 
translate CUG as Leu, so the shared adjacency of 

Fig. 1. Phylogenomic tree of Saccharomycopsis and Ascoidea species, and synteny relationships around a) the tRNA-Ser(CAG) genes and b) the 
tRNA-Leu(CAG) genes. The same tree is shown in both panels. Strain names are indicated beside species names, and genomes sequenced in this study 
are indicated in bold. All branches except two were supported by 100% ultrafast bootstrapping and 100% SH-ALRT; the two branches not fully supported 
are indicated. a) Synteny relationships around tRNA-Ser(CAG) loci. Gray and white horizontal bands indicate groups of strains or species with identical gene 
arrangements, and only one gene diagram is shown for each group. Some genomes contain a second tRNA-Ser(CAG) gene, shown in the dashed box. In A. 
asiatica, one sequenced strain (JCM7603) contains two tRNA-Ser(CAG) genes but the other (CBS457.69) contains only one. The copy that is only in JCM7603 
shares neighbors (MTQ2 and KRE9) with Saccharomycopsis species. b) Synteny relationships around the tRNA-Leu(CAG) locus. X symbols mark the absence of 
a tRNA-Leu(CAG) gene in genomes that have lost this gene. Genes are named according to their Saccharomyces cerevisiae orthologs where possible. Other 
genes are named by conserved sequence motifs they contain.
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tRNA-Leu(CAG) to TRM1 suggests that this is the ancestral 
location of the tRNA gene, i.e. that the tRNA-Leu(CAG) 
gene in most Saccharomycopsis species is a surviving ortho-
log of the tRNA-Leu(CAG) gene of Wickerhamomyces and 
Cyberlindnera, which is functional.

The tRNA-Leu(CAG) Gene Is Nonessential in S. capsularis

To test whether the tRNA-Leu(CAG) gene is essential in a 
Saccharomycopsis species, we deleted it by a CRISPR-Cas9 
approach in S. capsularis strain NRRL Y-17639. We used 
an approach similar to Grahl et al. (2017), in which ribonu-
cleoproteins (RNPs) containing Cas9 protein and a tracrRNA: 
crRNA duplex were cotransformed into competent cells 

together with a repair template. We first tested the system 
by disrupting the ADE2 gene of S. capsularis NRRL Y-17639 
with kanamycin, nourseothricin, and hygromycin drug re-
sistance cassettes (supplementary fig. S1, Supplementary 
Material online).

We then used the same approach to delete the 
tRNA-Leu(CAG) gene, including ∼200-bp upstream and 
downstream, in the wild-type S. capsularis NRRL Y-17639 
genetic background (Fig. 2a). Kanamycin-resistant transfor-
mants, from two independent experiments, were verified 
by PCR (Fig. 2b) and Sanger sequencing of the entire re-
combinant locus. Nine tRNA-Leu(CAG) deletion mutants 
were obtained. Transformants were viable and there were 
no obvious morphological differences (of colonies or of 

Fig. 2. Deletion of tRNA-Leu(CAG) in S. capsularis is viable. a) Scheme for deletion of the tRNA-Leu(CAG) gene of S. capsularis NRRL Y-17639 by CRISPR-Cas9 
RNPs. The repair template containing a kanamycin resistance cassette (KanMX, modified to lack CUG codons) was amplified from a plasmid using primers with 
50-nucleotide tails to generate homology arms matching the regions upstream and downstream of the tRNA-Leu(CAG) gene. CRISPR RNPs containing a guide 
RNA targeting exon 2 of the tRNA-Leu(CAG) gene were assembled in vitro and electroporated into competent cells. Transformants were screened by junction 
PCR using primer pairs 3/4 and 5/6 (EOC29/EOC1 and EOC3/EOC30). b) PCR confirmation of three tRNA-Leu(CAG) deletion strains, by amplification of the 
entire recombinant locus with primer pair 3/6 (EOC29/EOC30). The three lanes marked PCR are transformant colonies with the deletion; WT is a wild-type 
NRRL Y-17639 control; N is a negative control; and M is a size marker ladder. c) Growth curves comparing the nine independent tRNA-Leu(CAG) deletion 
strains (red), to three biological replicates of the wild-type strain (blue), at 25 °C and 37 °C. Median values at each time point are shown in the darker shade.

Genetic Code in the Ascoideales (CUG-Ser2) Yeast Clade                                                                                                 GBE

Genome Biol. Evol. 16(8) https://doi.org/10.1093/gbe/evae166 Advance Access publication 31 July 2024                                          5

http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae166#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae166#supplementary-data


cells examined by light microscopy) between the deletion 
strains and the wild-type strain, on YPD or synthetic 
complete media. In liquid growth assays, there was no sig-
nificant difference between deletion and wild-type strains 
at either 25 °C or 37 °C, which are respectively the optimal 
and maximal growth temperature for S. capsularis 
(Kurtzman et al. 2011) (Fig. 2c). Growth rates of the dele-
tion mutants showed a high variance, which was possibly 
caused by off-target mutations. However, we cannot rule 
out the possibility that a phenotype for the deletion strains 
might be detectable in other growth conditions or by more 
sensitive assays.

Proteomics of Sporulating Saccharomycopsis Cultures 
Shows Only CUG-Ser Translation

We hypothesized that Saccharomycopsis cells might 
change their genetic code during their life cycle or in dif-
ferent growth conditions, with tRNA-Ser(CAG) being ac-
tive at some stages and tRNA-Leu(CAG) being active at 
other stages, and all previous proteomic experiments to 
examine the genetic code in Saccharomycopsis have 
used only cultures grown in standard laboratory rich med-
ia (Krassowski et al. 2018; Mühlhausen et al. 2018; Junker 
et al. 2019). Our hypothesis was motivated by a bioinfor-
matic analysis that indicated that Saccharomycopsis genes 
involved in meiosis or sporulation are enriched in CUG 
codons that align with relatively well-conserved leucine re-
sidues in other strains or species (supplementary text S1
and figs. S2 and S3, Supplementary Material online). We 
therefore conducted proteome analysis by tandem mass 
spectrometry of cultures of two species, S. capsularis 
and S. fermentans, grown in sporulation conditions. 
However, these experiments detected translation of 
CUG codons only as Ser, in both sporulating and vegeta-
tive cultures (supplementary text S1, fig. S4, and table 
S3, Supplementary Material online).

tRNA-Leu(CAG) Has Structural Irregularities in All 
Saccharomycopsis Species

The finding that Saccharomycopsis species appear to translate 
CUG codons only as Ser, even during sporulation, prompted 
us to examine the tRNA-Leu(CAG) and tRNA-Ser(CAG) genes 
and their predicted tRNA cloverleaf structures in more detail. 
We found that the tRNA-Leu is much more poorly conserved 
in sequence than the tRNA-Ser, with only 22 completely con-
served nucleotide sites as compared to 42 (supplementary fig. 
S5a, Supplementary Material online). The high diversity of 
tRNA-Leu(CAG) sequences is also apparent in a phylogenetic 
tree (supplementary fig. S5b, Supplementary Material online).

Examination of the predicted cloverleaf structures of 
tRNA-Leu(CAG) genes revealed unusual features in almost 
every species (Figs. 3 and 4), when compared to data com-
piled in the tRNAviz database of tRNA structures from 

>1,500 species (Lin et al. 2019). Whereas the functional 
tRNA-Leu(CAG) of A. asiatica has a cloverleaf structure typical 
of a eukaryotic tRNA-Leu and contains the correct nucleotide 
at every site that is highly conserved among eukaryotic leu-
cine tRNAs (Fig. 3a and b), the structures predicted in all 
the Saccharomycopsis species have irregularities that make 
us doubt that they are functional tRNAs. First, there is no vari-
able arm in tRNA-Leu(CAG) of S. vini (Fig. 3c), whereas an ex-
tended variable arm (≥5 bp) is a hallmark of tRNA-Leu, but 
not of most other tRNA types. Second, some of the predicted 
Saccharomycopsis tRNA-Leu(CAG) molecules have unusually 
large D-loops. In A. asiatica, the D-loop is 8 nt long, corre-
sponding to positions 14 to 21 in the standard tRNA number-
ing scheme (Fig. 3a and b; it also has a mismatch of G13:A22 

at the end of the D-stem, as is common in Saccharomycotina 
tRNA-Leu). The A. asiatica D-loop is consistent in size and 
sequence with the majority of other eukaryotic tRNA-Leu se-
quences (Lin et al. 2019). However, the D-loop has expanded 
to 11 nt in S. capsularis (Fig. 3d) and S. malanga and to 12 nt 
in S. selenospora (Fig. 3e), making it larger than any conven-
tional eukaryotic tRNA D-loop. The S. capsularis D-loop is 
also unusual by lacking a uracil residue at position 20; this 
position normally contains one of the dihydrouracil residues 
that give the D-loop its name. Third, the predicted 
Saccharomycopsis tRNA-Leu(CAG) molecules have muta-
tions at positions that are very highly conserved among eu-
karyotic tRNA-Leu molecules, as shown by the red arrows in 
Fig. 3. In fact, inspection of the gene sequences in all 16 
Saccharomycopsis species that contain tRNA-Leu(CAG) 
candidates shows that they all contain mutations at posi-
tions that are almost universally conserved among eukary-
otic tRNA-Leu molecules, and most of them contain 
multiple mutations of this type (Fig. 4). The A. asiatica 
tRNA-Leu(CAG) is therefore exceptional in retaining these 
conserved nucleotides and in retaining translational func-
tionality. However, all the Saccharomycopsis genes still re-
tain the three critical leucylation identity elements A35 

(the center of the anticodon), G37 (in the anticodon loop), 
and A73 (the discriminator position in the acceptor stem) 
(Soma et al. 1996).

Despite the apparent defects in the cloverleaf structures, 
comparative analysis indicates that the sequences of the 
tRNA-Leu(CAG) locus have been preserved during evolution 
to a greater extent than expected by chance. For example, a 
dot matrix comparison between S. babjevae and S. fermen-
tans shows that the tRNA locus has been conserved whereas 
most of the intergenic region that surrounds it (between the 
neighboring protein-coding genes) has diverged (Fig. 5a). 
The exons of the tRNA-Leu(CAG) gene have 98.8% 
sequence identity (only 1 nucleotide different), whereas 
the intron and the alignable region upstream of exon 1 
have diverged (77.8% and 83.7% identity, respectively; 
Fig. 5b), which is the pattern expected if the gene is being con-
served by natural selection. Similarly, the tRNA-Leu(CAG) 
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gene is better conserved than its flanking regions in a com-
parison among S. capsularis, S. malanga, and S. fibuligera 
(Krassowski et al. 2018).

Discussion
To reconcile the conflicting observations about 
tRNA-Leu(CAG), we suggest that this gene is losing its 
role in translation in the Ascoideales. Its role in translation 
is being replaced by tRNA-Ser(CAG), and this process of re-
placement has proceeded to different extents in different 
species; it has proceeded further in Saccharomycopsis and 
in A. rubescens than in A. asiatica. Further, we suggest 
that the tRNA-Leu(CAG) gene may have an unknown non-
translational function that has led to the evolutionary reten-
tion of the gene in most species while allowing its sequence 
to diverge to a greater extent than is normal for a tRNA 
gene. If this nontranslational function requires transcription 
of the locus, it can explain the transcription and splicing 
that has been observed (Krassowski et al. 2018; Shulgina 
and Eddy 2021), and it can explain the greater conservation 

of the exons than the intron (Fig. 5). If the nontranslational 
function also requires aminoacylation of the transcript, 
it can explain the aminoacylation that was detected in 
S. malanga (Shulgina and Eddy 2021).

Many nontranslational roles have been identified for 
tRNAs (Katz et al. 2016; Avcilar-Kucukgoze and Kashina 
2020). An interesting precedent for what may have hap-
pened to the yeast tRNA-Leu(CAG) has been found in a 
tRNA-Glu gene in plant chloroplast genomes. As well as 
its role in the translation of GAA codons, chloroplast 
tRNA-Glu(UUC) is also required in the pathway that plants 
use for the biosynthesis of tetrapyrroles such as heme and 
chlorophyll (Barbrook et al. 2006; Agrawal et al. 2020; 
Kořený et al. 2022). One of the first steps in this pathway 
takes place in the chloroplast and uses a glutamate residue, 
which must be attached (charged) to tRNA-Glu(UUC), as a 
substrate. In photosynthetic plants, the chloroplast genome 
normally contains 30 different tRNA genes, but in the 
much-reduced plastid genome of the nonphotosynthetic 
parasitic plant Balanophora, all the tRNA genes have 
been lost except for a degenerated tRNA-Glu(UUC) gene 

Fig. 3. Predicted cloverleaf structures of tRNA-Leu molecules. a) Nucleotides that are almost universally conserved in eukaryotic tRNA-Leu molecules, from 
data compiled in the tRNAviz database (Lin et al. 2019). Numbering is shown for some positions, following the standard tRNA numbering scheme 
(Sekulovski and Trowitzsch 2022). IUPAC ambiguity codes are used. b to e) Predicted cloverleaf structures of tRNA-Leu(CAG) molecules in A. asiatica and three 
Saccharomycopsis species. Arrows indicate positions that do not match the highly conserved sites shown in a), and circled bases indicate insertions of bases 
relative to the standard tRNA structure. Ascoidea asiatica is the only Ascoideales species that retains all the conserved sites and has no insertions.
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(Su et al. 2019). The Balanophora tRNA-Glu(UUC) is pre-
dicted to have a badly damaged structure, and it cannot 
form a normal anticodon loop, but its acceptor stem region 
and most of the glutamate identity elements are intact. It 
has been proposed that the RNA produced by this gene is 
aminoacylated with glutamate, which is then used for tet-
rapyrrole synthesis, and that it has no translational function 
(Su et al. 2019).

We suggest that Saccharomycopsis tRNA-Leu(CAG) may 
have survived because it has an analogous but unknown 
nontranslational function that requires its transcription, 
splicing, and aminoacylation. Notably, the acceptor stem 
of tRNA-Leu(CAG) is well conserved in Saccharomycopsis 
(Figs. 3 and 4), so it seems possible that the gene’s tran-
script, which retains the three key leucylation identity ele-
ments A35, G37, and A73, is recognized and charged by 
leucyl-tRNA synthetase (LeuRS). We speculate that the 
gene could produce a charged tRNA-like molecule that 
has a nontranslational function, for example as a source 
of amino acids for the posttranslational modification of 

proteins by enzymes similar to yeast Ate1 and bacterial 
Leu/Phe transferase (Tobias et al. 1991; Shrader et al. 
1993; Abeywansha et al. 2023). However, if a nontransla-
tional function is the explanation for the tRNA-Leu(CAG) 
gene’s survival, it remains unclear why all three bases of 
its anticodon have remained completely conserved, when 
only the central base (A35) is a determinant for leucylation 
(Giegé et al. 1998; Giegé and Eriani 2023).

Materials and Methods

Genome Sequencing

We sequenced 23 strains of Saccharomycopsis by using 
Illumina technology, including the type strains of most of 
the known species in the genus (supplementary table S1, 
Supplementary Material online). Strains were purchased 
from the Westerdijk Institute for Fungal Diversity (CBS 
Collection, the Netherlands). Cultures of all strains were 
grown in YPD at 30 °C overnight. Cells were harvested 

Fig. 4. Alignment of tRNA-Leu(CAG) sequences from all sequenced Saccharomycopsis and Ascoidea species, highlighting variants that may make these genes 
nonfunctional. Standard tRNA position numbering and secondary structure elements are shown at the bottom. Magenta highlighting shows sites that dis-
agree with nucleotides that are strongly conserved in all eukaryotic tRNAs (Euk_All_tRNAs), and red highlighting shows sites that disagree with nucleotides that 
are strongly conserved in all eukaryotic leucine tRNAs (Euk_Leu_tRNAs), according to data compiled from thousands of genomes in the tRNAviz database (Lin 
et al. 2019). Blue highlighting shows insertions of bases in the D-loop and T-loop in some species, making these loops longer than can be accommodated by 
the standard numbering system.
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by centrifugation, and cell pellets were resuspended in 
200-µl extraction buffer (2% Triton X-100, 100 mM NaCl, 
10 mM Tris pH 7.4, 1 mM EDTA, and 1% SDS) in a 1.5-ml 
screw-cap tube. Approximately 0.3-g acid-washed glass 
beads (425 to 600 μm) were added with 200-μl phenol/ 
chloroform/isoamyl alcohol (25:24:1). The mixture was agi-
tated on a 600 MiniG bead beater (Spex SamplePrep) at 
1,500 rpm, 4 to 6 times for 30 s each, and centrifuged at 
15,000 rcf for 10 min. The top aqueous layer was trans-
ferred to a new 1.5-ml screw-cap tube, 200-μl TE buffer 
was added, and 200 μl of the phenol/chloroform/isoamyl al-
cohol mixture was added. This was agitated as before on 
the 600 MiniG bead beater, centrifuged at 14,000 rpm for 
10 min. The top aqueous layer was transferred to a new 
microfuge tube, after which 80-μl 7.5 M ammonium acet-
ate and 1-ml 100% isopropyl alcohol were added to precipi-
tate the DNA. DNA was pelleted by centrifugation at 
14,000 rpm, washed using 70% ethanol and dried in a 
SpeedVac (Eppendorf Concentrator 5301 at 45 °C for 
2-min pulses until dry). Pellets were resuspended in 400-µl 
TE buffer with 1-µl RNase A (10 mg/ml) and incubated over-
night at 37 °C. DNA was reprecipitated and washed once 
more as above and resuspended in 150-µl water. DNA qual-
ity and concentration were assessed by gel electrophoresis, 

NanoDrop, and Qubit measurement. Genomic DNA was se-
quenced by BGI Tech Solutions (Hong Kong) using an 
Illumina X Ten instrument (150-bp paired ends, 1.5-Gb 
raw data per sample).

Genome Assembly, Annotation, and Phylogenomics

Paired-end reads for the 23 strains of this study were qual-
ity assessed by FASTQC before and after trimming by 
Skewer v.0.2.2 (Jiang et al. 2014). De novo genome as-
semblies were generated by SPAdes v.3.11 (Bankevich 
et al. 2012) for each set of reads. Genome quality was as-
sessed by QUAST and coverage-versus-length plots 
(Douglass et al. 2019). Ten other genome sequences 
were downloaded from NCBI (supplementary table S1, 
Supplementary Material online). For each of the 33 gen-
ome sequences, AUGUSTUS v3.5.0 (Stanke et al. 2008) 
was used to predict ORFs, and tRNAscan-SE v2.0.5 
(Lowe and Eddy 1997) was used to annotate tRNA genes. 
For some Saccharomycopsis species, the tRNA-Leu(CAG) 
gene was not identified by tRNAscan-SE and instead was 
annotated manually based on BLASTN search results. All 
predicted tRNA genes with CAG as the anticodon were 
manually inspected and classified as either Ser or Leu 

Fig. 5. Conservation of the tRNA-Leu(CAG) locus between S. babjevae and S. fermentans. a) Dot matrix plot of the region containing the tRNA-Leu(CAG) 
locus and the neighboring protein-coding genes LYS9 and VHC1. Dots indicate regions with ≥25 matches in a 30-bp sliding window. The match at the tRNA 
locus is circled. b) BLASTN alignment corresponding to the region circled in a). The exons of the tRNA gene are better conserved (only 1 nt different, i.e. 98.8% 
identity) than the intron (77.8% identity) and the alignable region upstream of the gene (83.7% identity). Regions further upstream and downstream cannot 
be aligned, as shown by the dot matrix plot.
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tRNAs using identity determinants specific to tRNA-Leu or 
tRNA-Ser molecules (Giegé et al. 1998; Giegé and Eriani 
2023) as well as synteny conservation.

For phylogenomic analysis, the predicted sets of ORFs 
from Augustus were trimmed to remove ORFs that were in-
complete because they reached the end of a contig. This set 
of ORFs was translated using the standard genetic code, ex-
cept that CUG codons were translated as “X.” These 33 
sets of translated ORFs from each genome were used as in-
put to OrthoFinder v2.5.2 (Emms and Kelly 2019). The re-
sulting set of all single-copy orthologs (1,227) was used 
for phylogenomic tree construction. These orthogroups 
were each aligned using MUSCLE v3.8.31 (Edgar 2004), 
trimmed using trimAl v1.2 (Capella-Gutierrez et al. 2009) 
with the -automatic heuristic setting, and concatenated to-
gether into a supermatrix containing 567,098 sites. IQ-tree 
v1.6.12 (Nguyen et al. 2015) was used to first find an ap-
propriate maximum likelihood model for this supermatrix 
and then to construct a tree using that model (LG + F +  
R5), performing 1,000 ultrafast bootstraps and 1,000 
Shimodaira-Hasegawa Approximate Likelihood Ratio Tests 
(SH-ALRT) (Shimodaira 2002). The branching order of the 
tree was inspected manually and compared to the 
OrthoFinder species tree, which is inferred from gene dupli-
cation events.

CRISPR RNP Gene Editing in S. capsularis NRRL Y-17639

We adapted a CRISPR RNP protocol from Grahl et al. (2017)
and DiCarlo et al. (2013). Saccharomycopsis capsularis 
NRRL Y-17639 was inoculated in 5-ml YPD, grown at 30 °C 
overnight, back-diluted to OD600 0.1 in 50-ml YPD, and 
grown for 14 h at 30 °C. Cells were harvested by centrifu-
gation at 1,780 rcf at 4 °C. The cells were washed in 10-ml 
ice-cold sterile double-deionized water, centrifuged as be-
fore, and washed again in 25-ml ice-cold electroporation 
buffer (EB; 1 M sorbitol and 1 mM CaCl2). Cells were 
then centrifuged, resuspended in lithium acetate/DTT 
(500 mM/10 mM), and incubated for 30 m at 30 °C. They 
were then centrifuged, washed a final time in 25-ml EB, 
and resuspended in 200-μl EB. They were kept on ice until 
needed, and 40 μl of this mixture was used for each trans-
formation reaction. crRNA and tracrRNA ssRNA oligos from 
the ALT-R system (Integrated DNA Technologies) were an-
nealed as recommended. The annealed guides were incu-
bated with Cas9p for 5 min at room temperature and 
then kept on ice until ready. For homology directed repair 
templates, “CUGless” drug marker cassettes with no 
CUG codons were amplified from plasmid stocks with 
70-mer oligonucleotide primers, with 20 bases matching 
the ends of the marker and 50 bases matching either direct-
ly adjacent to the CRISPR cut site (supplementary fig. S1, 
Supplementary Material online) or several hundred bases 
upstream/downstream of the cut site (Fig. 2). Typically 

4 × 50-μl PCR reactions were pooled together, purified by 
spin columns, and eluted in 30-μl water to generate each 
repair template. The CRISPR RNPs (6.6 μl), 2.5 μg of repair 
template DNA, and 40 μl of the prepared competent cells 
were mixed together in a microfuge tube on ice. This mix-
ture was transferred into a 2-mm sterile electroporation cu-
vette (VWR) chilled on ice and electroporated (Bio-Rad 
GenePulser Xcell; 2,500 V, 25µF, 200Ω). The electropo-
rated PCR mixture was transferred to 7-ml recovery me-
dium (1:1 YPD:1 M sorbitol), and incubated at 30 °C for 
2.5 h. Cells were then spun down, resuspended in 200 μl 
YPD, and plated to the relevant drugs. For selection, 
50-ng/μl G-418 or 10-ng/μl nourseothricin was used.

Correct integration of drug cassettes at the target locus 
was assessed first by colony PCR of the integration junc-
tions. For S. capsularis colony PCR, a colony was resus-
pended in 200-μl TE, 200-μl phenol/chloroform/isoamyl 
alcohol was added with 0.3 g acid-washed glass beads 
(425 to 600 μm), all in a 1.5-ml screw-cap tube. The mixture 
was treated in a BeadBeater 4 to 6 times for 30 s each and 
then centrifuged at 15,000 rcf, after which the top aque-
ous layer was transferred to a new tube and frozen for fu-
ture use in PCR reactions (0.5 to 1 μl per 20 to 50 μl PCR 
reaction). Once each integration junction was detected by 
PCR, the entire locus was amplified by PCR using external pri-
mers and Sanger sequenced to confirm its structure. 
Sequences of oligonucleotides used as PCR primers are given 
in supplementary table S4, Supplementary Material online.

Although we successfully used CRISPR RNP gene editing 
to delete tRNA-Leu(CAG) and disrupt ADE2 in S. capsularis 
strain NRRL Y-17639, which does not sporulate, we were 
unsuccessful in attempts to make similar deletions of 
tRNA-Leu(CAG) in three other strains of S. capsularis that 
sporulate well (CBS5064, CBS5638, and CBS7262).

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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